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We have evaluated the efficacy of 18 cationic mitochondrial dyes that, as a class, show some ability to stain living nerve terminals.
Several of these agents provide excellent staining of neuromuscular junctions in a wide range of species. More detailed studies of the most effective of these dyes-4-(4-diethylaminostyryl)~Kmethylpyridinium iodide (4-Di-2-ASP)-indicate that it has no lasting effect on the structure or function of motor nerve terminals.
As demonstrated in the accompanying paper ; see also Lichtman et al., 1986 ), 4-Di-2-ASP can therefore be used to follow the configuration of identified motor terminals over arbitrarily long intervals.
A number of fundamental questions about the development and stability of synapses might be answered by repeated observation of nerve terminals in living animals at intervals of weeks or months. Two general approaches to this problem are plausible: the use of optical methods that enhance contrast, and vital staining. Optical techniques such as differential interference contrast have been used in vitro (see, for example, McMahan and Kuffler, 197 l) , but this approach requires thin preparations that can be transilluminated. Similarly, most vital stains have serious limitations. Only a few reagents specifically label axon terminals in living preparations, and many of these are toxic. This is particularly true of dyes visualized by light absorbance, since these reagents must be used in relatively high concentrations. For example, the best known vital dye-methylene blue-stains nerve terminals quite effectively (Polyak, 194 1; Coers and Woolf, 1959) . However, anatomical and physiological signs of damage at nerve terminals are apparent within minutes of application (see, for example, Purves and Lichtman, 1987) .
An alternative approach is to use dyes that fluoresce; the major advantage of such agents is that they can be visualized at relatively low concentrations and reveal stained structures in detail (for a review, see Cowden and Curtis, 1986) . Yoshikami and Okun (1984) have recently shown that 2 fluorescent dyes that vitally stain mitochondria (3,3'-diethyloxadicarbocyanine iodide [DiOC,(S)] and rhodamine 123) also label neuromuscular synapses in some species. At mammalian neuromuscular junctions, however, we found these dyes to be unsatisfactory. DiOC,(S) was not useful because of high background and inconsistency of staining; rhodamine 123, despite a reasonable quality of staining, faded quickly and has been reported to have severe toxic effects on at least some classes of cells (Lampidis et al., 1984) . Nonetheless, the results reported by Yoshikami and Okun (1984) suggested that a survey of other mitochondrial dyes might be worthwhile in order to find an effective, nontoxic stain for living nerve endings in mammals.
In the work we report here, the qualities of 18 cationic mitochondrial dyes were tested at the mouse neuromuscular junction. Several dyes ofthe styryl pyridinium family are remarkably good stains for motor nerve terminals; the best of these probes-4-(4-diethylaminostyryl)-N-methylpyridinium iodide (4-Di-2-ASP) -appears to be nontoxic, highly specific for neuromuscular junctions in various species, unusually resistant to bleaching, inexpensive, and easy to use. Thus, molecules such as 4-Di-2-ASP should provide excellent reagents for the study of longterm changes at the neuromuscular junction (see accompanying paper).
Some of these results have been briefly reported (Lichtman et al., 1986) .
Materials
and Methods Dyes were purchased from the sources indicated in Table 1 and used without further purification. Unless otherwise noted, muscles were immersed for 3 min in a 10 WM solution of the dye (an appropriate physiological saline was used for staining neuromuscular junctions in each of the various species examined). This dye concentration was arbitrary and certainly higher than necessary for some of the dyes tested. The molarity of the staining solution was calculated according to the manufacture& statement of purity. Various dyes were visualized with appropriate Leitz epi-illumination cubes, as indicated in Table 2 (12 cube: exciting wavelength 450-490 nm, suppression 5 15 nm; N2 cube: 530-560 nm excitation, 580 nm suppression; H2 cube: 390-490 nm excitation, 5 15 nm suppression). A conventional tungsten filament (Osram Xenophot; 100 W, 12 V) was used as the source of illumination in all experiments; the illuminating light was passed through a BG38 heat filter. To obtain permanent records, the stained terminals were photographed with high-speed color film (Ektachrome 1600) using 25 or 50 x water-immersion objectives with numerical apertures of 0.60 and 1 .OO, respectively.
Sternomastoid or diaphragm muscles of young adult mice (CFl strain; 22-32 gm) were chosen for routine staining tests and electrophysiological measurements. The sternomastoid was used because of its accessibility in the neck for in vivo studies (see accompanying paper). For electrophysiological studies, the muscles were maintained in lactated Ringer's solution (Travenol) at room temperature. Muscle fibers were impaled near their midportion with glass microelectrodes filled with 0.5 M KC1 (electrode resistances were 5-10 Ma); miniature endplate potential amplitude and frequency were measured from a storage oscilloscope.
Results

Eficacy of the dyes tested
To compare various dyes, we stained isolated mouse diaphragm or sternomastoid muscles in vitro for 3 min by superfusion of The efficacy of each dye was judged primarily according to its ability to make the nerve terminals visible relative to the background staining of muscle fibers; we also compared the persistence of staining during prolonged exposure (5 min) to exciting wavelengths at a standard intensity (100 W). Only 3 of the 18 dyes tested showed no ability to stain mammalian motor verve terminals under these conditions ( Table 2) . As the ranking in Table 2 indicates, no particular class of dyes was uniformly effective in staining nerve terminals. It was clear, however, that the most successful dyes tested were those of the styryl pyridinium family. The staining was reasonably good for all the dyes of this class, although they differed in quality and fastness to light. Taking staining quality and resistance to bleaching together, 4-Di-2-ASP was judged to be the most effective of these reagents. Therefore, more detailed studies were carried out using this dye.
Representative photomicrographs of nerve terminals in mouse sternomastoid muscles after a 3 min exposure to 4-Di-2-ASP are shown in Figure 1 . Within 1 min of application, a 10 PM solution of 4-Di-2-ASP stained virtually all endplates on superficial fibers. Initially, the nerve terminals appeared somewhat stippled, but by 3 min the staining was generally uniform and of maximum intensity. The dye was distributed throughout motor nerve terminals and only lightly stained preterminal motor axons. Transverse cryostat sections, after such brief exposures, showed that the staining was limited to endplates on superficial fibers. The intensity of staining began to fade within several minutes after washing out the dye, but terminals could still be faintly seen an hour later.
Continuous exposure to the exciting light, even for several minutes, had no obvious effect on the appearance of the stained endplates in mammalian muscle or on the rate of fading. Because light had only a modest effect on the rate of fading, the diminished intensity over time presumably represents washout of the dye. Terminals that had faded could be restained by repeating the procedure. Evidence that staining is presynaptic To ensure that 4-Di-2-ASP stained the presynaptic nerve terminals, sternomastoid muscles in 4 animals were completely denervated by nerve section 3-5 d before routine staining with 4-Di-2-ASP. Following nerve degeneration, stained terminals were no longer evident. We also labeled the postsynaptic receptors with rhodamine-conjugated a-bungarotoxin at the time of 4-Di-2-ASP staining. In these doubly stained preparations, it was clear that 4-Di-2-ASP labeled presynaptic endings that were congruent with the rhodamine-labeled receptors (Fig. 2) .
E&acy of 4-Di-2-ASP in dlfterent species
To test the efficacy of the dye in various species, we used 4-Di-2-ASP to stain terminals in muscles of several of the major vertebrate classes; we also tested the staining of insect muscle in which transmission is not cholinergic (see, for example, Hoyle, 1985) . Motor nerve terminals were stained in skeletal muscles of all of the animals examined, these included frog (Rana pipiens; pectoral muscles), snake (Thamnophis sirtalis; transversus abdominis muscle), fish (Carassius aura&s; abdominal muscles), lamprey (Petromyzon marinus; abdominal muscles), and moth (Manduca sexta larvae; body wall muscles). Examples of stained terminals from 2 vertebrate classes are shown in Figure 3 . The staining of the larval insect muscle indicates that 4-Di-2-ASP is not specific for cholinergic terminals.
Tests of the toxicity of 4-Di-2-ASP The toxicity of 4-Di-2-ASP was evaluated in mouse diaphragm by measuring miniature endplate potential amplitude and fre-F , 50pm A 10 PM solution of each dye was applied for 3 min at room temperature. The efficacy of nerve terminal staining was judged subjectively on a 0 to + + + + scale (0 = no staining, + + + + = staining intensity achieved with the best of the dyes tested, 4-Di-2-ASP).
Fastness was evaluated after 5 min of exposure to light (see text). Consistency refers to the uniformity of staining among the endplates within a muscle, and to the reproducibility of staining in different experiments. * The intensity of staining was increased by light.
quency. High concentrations of 4-Di-2-ASP (1 mM) completely abolished spontaneous miniature endplate potential activity in surface fibers within a minute of application. However, when the dye was washed out, miniature endplate potentials promptly reappeared and gradually regained their full amplitude over l-2 hr (Fig. 4) . Lower concentrations of 4-Di-2-ASP (15-50 PM) reduced the amplitude ofthe miniatures without abolishing them; this effect was readily reversed when the dye was washed out. Little or no effect on miniature endplate potentials was apparent at the concentration used for routine staining (10 FM). There were no obvious effects on miniature frequency at any of the concentrations tested. Moreover, during these experiments the membrane potential of the muscle fibers remained unchanged. Thus 4-Di-2-ASP behaves like a weak blocker of cholinergic receptors; the rapid reversibility of this effect, even at high concentrations, suggests that the dye does not cause any lasting changes in synaptic mechanisms.
Because light can enhance the toxic effects of many reagents, we also assessed the electrophysiological consequences of illumination during staining. Miniature endplate amplitude and frequency after staining with a 10 I.LM solution of 4-Di-2-ASP were monitored for 20 min while the muscle was illuminated with high-intensity white light (150 W source). Sustained illumination had no obvious effect on these parameters. We therefore conclude that 4-Di-2-ASP, at the concentration routinely used, is a remarkably nontoxic stain, even when strongly illuminated. This conclusion is substantiated by the long-term studies of terminal structure reported in the accompanying paper . Discussion Armstrong et al. (1956) were among the first workers to suggest that mitochondrial stains can be used to demonstrate nerve terminals. More recently, Yoshikami and Okun (1984) used the mitochondrial dyes rhodamine 123 and DiOC,(S) to stain the presynaptic portion of living neuromuscular junctions in frogs (see also Kelly et al., 1985) . However, various untoward effects of these and other mitochondrial dyes have been reported. For instance, mitochondrial respiration was depressed by some of the fluorescent mitochondrial dyes, even when applied at micro-4-Di-2-Asp Rhodamine a-bungarotoxin Moreover, cationic rhodamines affected the function and viability of mammalian myocardial cells in culture (Lampidis et al., 1984) and inhibited oxidative phosphorylation (Gear, 1974; Mai and Allison, 1983) . On the other hand, studies of the effects of styryl pyridinium dyes on cultured amphibian myocardial cells (Bereiter-Hahn, 1976) , mammalian brown fat (Rafael and Nicholls, 1984) , and mammalian renal epithelial cells (Horster et al., 1983) did not reveal any obvious damage. Stained cells continued to grow in culture after dye uptake, and protozoan motility was unaffected by a 24 hr exposure to a styryl pyridinium dye very similar to the reagent we studied in detail (4-Di-2-ASP) (Morozova et al., 1981; Miyakawa et al., 1984) . Furthermore, 4-Di-2-ASP did not cause any morphological change of stained nerve terminals, even over periods of many days (see Lichtman et al., 1987) . The only obvious effect of this dye on the mammalian neuromuscular junction was a reversible depression of synaptic transmission at concentrations higher than those we routinely used for staining. This apparent interaction of the dye with acetylcholine receptors may have been related to the quaternary nitrogen atom in the pyridinium ring (see, for example, Bovet, 1972) . Styryl pyridinium compounds also show reversible, noncompetitive inhibition of choline acetyltransferase in vitro and, to a lesser degree, of acetylcholinesterase (see Cavallito et al., 1970) . However, these pharmacological actions are minimal in vivo, even for the most potent of these compounds (Aquilonius et al., 197 1; Macintosh and Collier, 1976) . The method of staining in these animals was the same as that used in mouse; the dye stained neuromuscular junctions satisfactorily in all of the species tested (see text). Figure 4 Intracellular recordings of miniature endplate potentials in the mou! re diaphragm before (a), during (b), and after (c,u') staining with a high co ncentration of 4-Di-2-ASP. The electrode remained in the same fiber thn oughout the experiment. The muscle was initially superfused with Rin rger's solution at room temperature (a). Within a few seconds (Aquilonius et al., 1971; Macintosh and Collier, 1976 ). We do not know the mechanism of terminal staining by the styryl pyridinium dyes. Muscles removed from mice and allowed to stand for an hour in saline before staining generally gave poor results. Furthermore, fixation quickly abolished terminal staining. These observations imply that staining depends on some aspect of the normal metabolism of nerve terminals. The uniformity and intensity of staining with 4-Di-2-ASP argues against an effect based solely on mitochondrial staining. A number of neurobiological issues could be addressed if other axon terminals in the peripheral and central nervous system could be visualized over time. Certainly, the styryl pyridinium dyes are effective in staining neuromuscular junctions in a variety of species. Preliminary examination of staining elsewhere in the mammalian nervous system has shown that the dye 4-Di-2-ASP effectively stains nerve fibers and terminals in the cornea and the gut. This reagent is ineffective, however, in staining synaptic boutons in autonomic ganglia and smooth muscle when applied locally. On the other hand, systemic administration of some styryl pyridinium dyes vitally stains boutons on autonomic ganglion cells . Finally, styryl pyridinium dyes have also been used as potential sensitive probes (see, for example, Loew et al., 1985) . If the dyes that stain presynaptic terminals respond to membrane voltage, it may be possible to study the activity of specific terminals.
In summary, a number of cationic mitochondrial dyes stain motor nerve terminals in living animals. The most effective of the agents that we examined was a molecule of the styryl pyridinium family, 4-Di-2-ASP, a variety of tests show that this agent has little or no toxicity for motor nerve terminals. As is demonstrated in the accompanying paper ), 4-Di-2-ASP can be used to follow the structure of identified neuromuscular junctions over arbitrarily long intervals.
